Pressure decline caused by the extraction of oil from deep sedimentary layers depends on the pore modulus K pp , a poroelastic parameter that characterizes the effect of pressure change on pore volume under constant mean stress. Measurement of K pp is difficult, however, as it requires calibration to account for fluid compressibility and compliance of the testing system. Nevertheless, knowing the easily measurable drained pore modulus K p and adopting an assumption on the unjacketed pore modulus K s , it is possible to determine K pp because these pore moduli are related. Previous work on indirectly estimating K s claimed that K s is strongly dependent on Terzaghi effective pressure P and therefore not a constant; also, K s might be different from K s , the solid bulk modulus of the major mineral constituent. We overcome the limitations of the indirect approach by directly measuring K s . The experiments reveal that K s is indeed a constant and that for an ideal porous rock, the assumption of K s = K s holds. Furthermore, a constant K s implies that K p and K pp are functions of Terzaghi effective pressure only. These results provide a framework to accurately determine the Skempton coefficient B.
Introduction
The volumetric response of a porous solid is naturally characterized by four distinct moduli: two describing the relative volume change of the porous solid due to a change of either mean stress P or pore pressure p and two describing the relative pore volume change due to a change of either P or p. If microcracks are present as is the case for rocks, the volumetric response of the porous solid is nonlinear, although essentially elastic over a significant range of pressure. Thus, the four moduli generally depend on both mean stress and pore pressure. The moduli attached to the pore volume change are of particular significance to reservoir engineering. Indeed, K pp , the modulus associated with pore pressure p, affects the pressure decline caused by the extraction of oil from deep hydrocarbon-bearing sedimentary layers, while both K p , the modulus linked to P, and K pp are needed to correct laboratory measurements of pore volume for in situ conditions [1] .
Determining the two pore moduli K p and K pp requires careful procedures and precise calibration, but the assessment of pore modulus K pp is particularly challenging in view of the very small amount of fluid exchanged between the porous solid and the measuring device, which further needs to be corrected for the compliance of the testing system. However, K pp could, in principle, be deduced from K p if the unjacketed pore modulus K s is known. Modulus K s characterizes the variation of pore volume under equal change of mean stress and pore pressure, e.g. when the porous solid is immersed within a pressure cell filled with the saturating fluid. Oil and gas exploration also relies extensively on knowing K s to distinguish different pore fluids [2] . Moreover, K s is needed in the well-known Gassmann's equation as of one the main parameters in evaluating the effect of pore fluid on the undrained bulk modulus of saturated rock [3] . Despite these needs, the direct measurement of K s has remained a challenge.
For an ideal porous solid, defined as a material with a uniform, isotropic and linearly elastic solid phase and a fully connected pore space, K s is equal not only to the bulk modulus K s of the solid phase but also to K s the unjacketed bulk modulus of the porous solid that characterizes the change of volume of the porous solid under equal change of P and p. Although deviation from these ideal conditions due to (i) micro-inhomogeneity, (ii) micro-anisotropy and/or (iii) isolated pore space would introduce differences between K s , K s and K s , it is still expected that unjacketed moduli K s and K s are constant and thus independent of the magnitude of either P or p. Constant unjacketed moduli imply that the two volumetric moduli, K p and K pp , depend only on P = P − p, the so-called Terzaghi effective pressure, rather than on P and p, a significant simplification in mapping the nonlinear response of porous rocks [4, 5] .
Experimental observations give credence to the conjecture that K s is indeed a constant as the drained bulk modulus K (associated with P) and the drained pore modulus K p , which are both linked via K s , appear to only depend on P . However, indirect measurements of K s suggest that it is a function of P and p, with the unfortunate consequence of the pore modulus K pp having a complex dependence on P and p.
Adams & Williamson [6] performed experiments to find the bulk modulus of minerals and igneous rocks under jacketed and unjacketed conditions. They found that for some rocks, such as basalt and diabase, the unjacketed bulk modulus is higher than the jacketed (drained) bulk modulus while in other rocks, such as marble and granite, very little difference exists. This suggested that porosity may have an impact on the differences between these two bulk moduli. Carpenter & Spencer [7] investigated the pore modulus of sedimentary rocks from the Texas Gulf coast oil fields. They performed experiments in which the mean stress increased and the corresponding volume change of water expelled from the rock was measured. Their results showed that an increase in mean stress is followed by a reduction in pore space. Other notable studies measured the pore modulus of rocks [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Green & Wang [17] determined the unjacketed pore modulus indirectly by performing undrained testing. For Berea sandstone, K s was estimated to approach the bulk modulus of the pore fluid K f at near zero P , while as P increased, K s approached K s . Other indirect estimates of K s [18] [19] [20] also suggest that this parameter is only a constant at high effective pressures (P > 10.0 MPa) where it may not be equal to the solid matrix modulus for all rocks. At low effective pressures (P < 5.0 MPa), K s may not be a constant suggesting porosity change under unjacketed loading, even for a rock such as Berea sandstone that is mainly composed of quartz.
Blöcher et al. [21] measured K s and indirectly estimated K s by measuring the Skempton coefficient on two porous sandstones: Bentheimer sandstone, a homogeneous quartz-rich rock, and Flechtinger sandstone, an arkosic litharenite with a quartz content of 55-65%. While it was observed that K s is a constant, the estimated K s were strongly dependent on P . Moreover, for a clean sandstone such as Bentheimer, K s and K s were not only different but also considerably lower than the bulk modulus of quartz. Pimienta et al. [22] also indirectly estimated K s for Bentheimer sandstone from measurements of various poroelastic parameters. They observed that K s can be considered as a constant and equal to the bulk modulus of quartz at P > 5.0 MPa. However, for P < 5.0 MPa the indirect estimate of K s leads to different conclusions depending on the methods used to invert the measurements: either K s is a function of P and the pore fluid, or K s is independent of P and takes a value between K s and K s .
The computation of the unjacketed moduli for porous solids has been extended using models that account for heterogeneity at the microscale [23] [24] [25] [26] . However, for heterogeneous materials, K s has a complex dependence on the material properties and is generally not bounded by the elastic moduli of the solid constituents. Therefore, there is a need to perform direct measurements of K s . This paper addresses two key questions: (i) is K s a constant and (ii) under what conditions does K s = K s hold? We present unique laboratory experiments that enable, for the first time, the direct measurement of K s for ideal and natural porous solids. The theory proposes K s to be a constant, whereas previous indirect estimates of this parameter suggest otherwise. Our laboratory results are in agreement with theoretical predictions, showing that other pore moduli are only dependent on effective pressure. These results are novel from a fundamental point of view and provide a framework to determine pore moduli and other poroelastic parameters that are difficult to measure.
Volumetric response of porous solids
Consider a sample of porous material large enough (at least by a factor of 100) with respect to the length scale of the microstructure, i.e. the typical dimension of the pores or grains, yet small enough to allow the introduction of genuine macroscopic-scale material heterogeneity. Let V denote the volume of the porous rock sample, V p the volume of the interconnected pore space and V s the combined volume of the solid phase and isolated pores. Therefore, V = V p + V s . With the assumption of full saturation, the volume of fluid that can freely move in the sample is thus V f = V p . The interconnected porosity φ is defined as the ratio V p /V.
Let us examine the volumetric response of this porous sample subject to a mean compressive stress (confining pressure) P and a pore pressure p. This loading will be labelled by the notation {P, p}, to emphasize the independence of the two load components. An alternative loading decomposition entails recombining {P, p} into two components: (i) a Terzaghi effective pressure P = P − p and (ii) a Π -pressure p = p corresponding to a confining pressure and a pore pressure of same magnitude p; this particular loading is denoted as Π -loading. This alternative loading decomposition will be denoted as [P , p ] .
Assuming that the porous material behaves as a nonlinear elastic solid, the incremental volumetric response {dV, dV p } of the porous material to an infinitesimal transition of the loading from {P, p} to {P + dP, p + dp} can be written as follows:
where V and V p refer to the bulk and pore volumes at stress-free conditions to ensure a small strain formulation. We can recognize K and α as the drained bulk modulus and Biot effective stress coefficient. We introduce K p as the drained pore modulus and β as the pore volume effective stress coefficient. 
Furthermore, by invoking the Betti-Maxwell reciprocal theorem [27, 28] , it can also be shown that
Euler conditions (2.3) and (2.4) thus impose restrictions on the dependence of the coefficients K, K p , α, β on the pressures P and p, while relation (2.5) entails that only three coefficients {K, α, β} or {K, K p , β} are independent with the consideration of porosity φ. Also, relation (2.5) implies that volume increment dV due to pore pressure increment dp is the same (to a minus sign) as the pore volume change dV p due to dP = dp. The drained pore modulus K p is defined as the ratio of incremental change in mean stress per increment of pore volume strain, while the pore pressure is maintained constant:
By contrast, the pore modulus K pp is defined as the change in pore pressure per increment of pore volume strain with no change in mean stress:
In view of equation (2.2), pore modulus K pp can be related to the drained pore modulus K p according to the following equation:
We now aim at presenting the role of effective pressure on volumetric response and the associated effective stress coefficients by alternatively expressing relations (2.1) and (2.2) in terms of the two loading components P and p :
Here, following the notation of Rice & Cleary [29] , we have introduced two moduli, K s and K s , the latter also denoted by K φ by some authors [24, 28] . It is clear from comparison with relations (2.1) and (2.2) , that the two effective stress coefficients are
and
The physical meaning of the unjacketed moduli K s and K s can be well explained in a test where the rock without a jacket is submerged in a confining fluid and the load is applied by increasing the fluid pressure in the vessel. As the confining fluid permeates the pore space throughout the interior of the rock, this loading causes equal changes in mean stress and pore pressure; in other words, dP equal increments of mean stress and pore pressure.) By applying the unjacketed condition dP = 0 into equations (2.9) and (2.10), we can define:
Bulk modulus K s is a measure of the change in pore pressure per increment of bulk volume strain under unjacketed condition, while pore modulus K s is the pore volume counterpart to K s . The set of independent material constants {K, K s , K s } can thus replace the set {K, α, β} or {K, K p , β}. Combining relation (2.8) with the identity for the pore volume effective stress coefficient β (equation 2.12) indicates that the three pore moduli are all related according to
Similarly, moduli K, K p and K s are related 
and ∂ ∂p
Hence, the assumption that the unjacketed moduli K s and K s are constants implies that
In other words, the drained bulk and pore moduli K and K p are both functions of P only. Relations (2.19) and (2.20) are strongly supported by experimental results [4, 5] , which therefore suggest that K s and K s are indeed constants. While the unjacketed bulk modulus, K s , has been measured to be a constant [30] [31] [32] [33] , it has been argued that K s is strongly dependent on P [18, 20] . However, this conclusion has been reached based on indirect measurements of K s . This contradiction motivated the direct measurement of the unjacketed pore modulus to resolve the paradox.
For ease of comparison with other work reporting results in terms of compliance coefficients, we relate the previously defined bulk and pore moduli to the bulk {C bc , C bp } and pore {C pc , C pp } compressibilities, following Zimmerman et al. [5] notation, by
The unjacketed bulk and pore compressibilities C s and C s (also denoted by C φ ) can be linked to their counterpart moduli by Using such notation, equations (2.5), (2.15) and (2.16) can be expressed as follows:
Ideal and non-ideal porous solids
In an ideal porous solid, the solid phase is microscopically homogeneous and isotropic, and the pore space is fully connected. At the grain level, micro-homogeneity implies that the material is made of the same mineral and micro-isotropy suggests that the material deforms the same in all directions. Consider this ideal porous solid that is subjected to mean stress P and uniform pore pressure p. Also, assume that the solid phase is composed of a single dominant constituent with a bulk modulus K s . When such an ideal porous solid is subjected to an equal increment of mean stress and pore pressure, i.e. P = p everywhere in its solid constituent, it deforms as if all pores were filled with the solid material [27, 34] . Therefore, the solid phase and the rock framework (bulk) experience a uniform volumetric strain without any shape change:
Equation (3.1) implies that there is no change in porosity under this type of loading for an ideal porous solid. Porosity remains constant under unjacketed loading for a rock composed of a single mineral as the configuration of the porous solid remains self-similar [24, 35] . Imposing the equality (3.1) to relations (2.9) and (2.10) with dP = 0 leads to the following identity:
Rice & Cleary [29] stated that moduli K s and K s are related to K s under the assumptions of a fully connected pore space, elastically isotropic solid grains with local bulk modulus K s , as well as a chemically inert solid-fluid interaction during the time scale of the test. The equivalence between K s and K s genuinely acts as the definition of an ideal porous solid, as first discussed by Gassmann [36] and then by others [34, 37, 38] . For many applications, the ideal porous medium model is a convenient simplification of a real material. Consequently, it is often assumed that K s can be replaced with K s [39] , in accordance with identity (3.2). Therefore, knowing K s , measuring K p and using relation (2.15), it is possible to estimate the pore modulus K pp , a parameter of high practical interest but difficult to measure.
For most rocks, the bulk moduli of the major mineralogical components do not differ considerably. Therefore, any significant difference between K s and K s is likely due to the existence of non-connected (occluded) pore space [29, 40, 41] . Connected pore space ensures that the pore pressure is transmitted completely throughout the solid phase. Nur & Byerlee [34] reported that for Westerly granite, a rock with virtually no porosity but a significant crack density, the unjacketed bulk modulus K s is identical to the solid modulus K s . Zimmerman et al. [5] used the ideal porous medium model and replaced K s of Berea, a quartz-rich sandstone, with that of quartz as other minor mineral constituents (mostly feldspar and calcite) would change K s by only a few per cent. However, Brown & Korringa [28] suggested that sedimentary rock is not always an ideal porous medium. For example, in clayey sandstones, the presence of compliant minerals (e.g. kaolinite) in the rock framework can affect the unjacketed moduli. In such a case, when the unjacketed loading is applied, the compliant minerals and the stiffer solid grains will not deform in the same proportion and thus will be responsible for a porosity change [20] . 
Methods and procedures (a) Porous solids
Three porous solids were tested: two sandstones, Dunnville and Berea, and one synthetic silica polymorph (figure 1). Dunnville sandstone is classified as a quartz arenite with fine to medium grains 0.05-0.25 mm in size and 90-95% quartz. Other minor constituent minerals include alkali feldspar (2-5%), biotite (2-5%), iron oxide (1%) and plagioclase (traces to 1%). The rock fabric is grain-supported with little to no observable clay minerals. Berea sandstone is classified as sub-litharenite fine-grained sandstone containing some clayey matrix with an average grain size of 0.1 mm. Quartz is the major mineral constituent (80-85%) with a small amount (3%) of clay minerals (mostly kaolinite), depending on the particular sample. Other minor constituent minerals include alkali feldspar (5%), muscovite (2-3%), dolomite (2-3%), chlorite (1%), magnetite (1%), pyrite (1%) and iron oxide (1%). Also, a synthetic specimen composed of silicon dioxide (SiO 2 ), manufactured by Heraeus (Hanau, Germany), was tested. It is sold under the commercial name of 'quartz frit' but the low dry density ρ d = 1.15 g cm −3 suggests that it is a polymorph of SiO 2 but not α-quartz. To measure the bulk modulus of quartz, a solid cylindrical sample (D = 39.0 mm, L = 78.0 mm) of fused quartz was instrumented with axial and circumferential strain gauges. The solid fused quartz specimen was subjected to 0-70.0 MPa hydrostatic pressure where identical axial and circumferential strains, i.e. isotropic behaviour, were recorded; the solid bulk modulus of fused quartz is K s = 37.0 GPa.
The dry densities of tested Dunnville and Berea sandstones are ρ d = 1.82 g cm −3 and ρ d = 2.06 g cm −3 , respectively. The interconnected porosity determined from a vacuum saturation procedure and mercury intrusion porosimetry method is φ i = 29.5% for Dunnville and φ i = 23.0% for Berea. The solid (grain) density was measured [33] by the technique suggested by Péron et al. [42] . Precise measurements of solid density for Dunnville (ρ s = 2.60 g cm −3 ) and Berea (ρ s = 2.74 g cm −3 ), along with the dry density, allowed the determination of total porosity of φ t = 30.0% for Dunnville and φ t = 25.0% for Berea. The amount of non-connected porosity in Dunnville sandstone is therefore less than that of Berea sandstone. The cylindrical silica specimen with a diameter of 50.0 mm and a length of 100.0 mm has an interconnected porosity of 47.4% found from vacuum saturation. Assuming that all pores are connected in the silica polymorph specimen, the solid density ρ s = 2.24 g cm −3 was obtained, which is very close to the reported value for this SiO 2 polymorph.
(b) Direct measurement of K s
Direct determination of K s is challenging because the volume of the exchanged fluid, measured externally, must be corrected for system response to obtain the pore volume contribution. The variation of the pore volume of the specimen could be very small compared to the volume of the fluid exchanged [43] and therefore precise determination of these small changes in pore volume is required.
This total volume change includes pore volume change and fluid volume change (due to fluid compressibility), piston, tubing, valves and transducer volume changes. The variation of the pore volume evaluated from an experiment, when equal increments of mean stress and pore pressure are applied, can, in principle, give K s (equation (2.14)). However, it is difficult to distinguish the contribution of the mean stress P and pore pressure p on pore volume changes. Therefore, the experiment is performed in two steps at constant temperature.
Step 1. The mean stress P is changed by P, while pore pressure p is held constant. From this procedure, the only component of the total volume change V t
(1) that needs to be corrected is the volume change of the tubing inside the pressure vessel and with a high-precision pump. This volume change, although very small, can be determined with calibration tests and is referred to as system response 1, V
sys . Therefore, the pore volume change from step 1 is
sys .
(4.1)
The drained pore modulus K p is found from this step.
Step 2. The pore pressure p is changed by p = P, while the mean stress is held constant. In this step, because the fluid pressure changes, detailed corrections are needed. The fluid volume change associated with the compression or expansion of the interstitial fluid needs to be considered:
where V f is the volume of the fluid occupying the pore space that under full saturation is the same as the pore volume V p and K f is bulk modulus of the fluid, which, for water at atmospheric pressure and room temperature, is K f = 2.30 GPa [19, 44] . The system volume changes
sys include the syringe pump piston, valves and tubes inside and outside the vessel, and the pressure transducer. This portion can be corrected by conducting a calibration test with a hollow metal cylinder [16] , where the volume change can be calculated from the elasticity solution for a thick-walled cylinder. The pore volume change from step 2 is
The pore modulus K pp is found from this step. The pore volume change as a result of the two steps can then be determined:
with the result V p that can be used in equation (2.14) to find K s . The effect of the jacket on pore volume measurements due to jacket penetration into surface pores has been found to be insignificant [15] . As pore compressibility is related to the specimen incremental volume change and the jacket effect is related to the specimen area, one could investigate the jacket effect by using different sample sizes. Hall [9] showed that for two core diameters of 25.4 and 50.8 mm, almost identical compressibility values were obtained. This finding, that regardless of the surface to volume ratio of the core, similar results are achieved, demonstrates that the jacket surrounding the core does not intrude into the rock during a test and causes a volume change.
It is important to note that if the pressurization is done rapidly or a large increment of mean stress or pore pressure is applied, the temperature may rise introducing another correction. In our study, the rate of the external hydrostatic and internal pore pressures and their incremental 
The choice of the pore fluid will affect the value of V f (2) as this component is a function of the fluid bulk modulus K f . However, if the calibration experiments are performed with the same fluid as the test on the rock, the type of the pore fluid will not affect the outcome of K s , provided that the fluid does not chemically react with the rock. A 140 MPa capacity pressure vessel was used to apply external pressure P, which was measured with a ±0.5% accuracy transducer. Specimens were jacketed with heat-shrink teflon to provide a barrier between the pore fluid (distilled water) and confining fluid (mineral oil). The specimen was connected to the end caps with pore lines and placed in the pressure vessel. A syringe pump with the capacity of 103 ml was used to supply pore pressure (±0.5% accuracy) and measure pore volume changes. The pressurization was started with 4.0 ml left in the syringe pump's intensifier. This ensured that the total amount of pore fluid in the system was the same in each test. Recall that our defined system does not include the volume changes of the fluid inside the pore space, as it is a variable depending on the porosity of the rock and can be easily computed by knowing φ and K f (equation 4.2). The dead volume in our testing configuration was 11.4 ml.
The flow rate during pore pressure increase or decrease was set at 200 mm 3 min −1 (±0.3% accuracy). With this rate, a pore pressure increment of p = 1.0 MPa was generated in 20-50 s, depending on the pore volume. The mean stress was applied with a rate of 20 kPa s −1 or 50 s to reach P = 1.0 MPa. Experiments performed with rates up to 10 times slower, i.e. flow rate of 20.0 mm 3 min −1 and mean stress change of 2.0 kPa s, provided identical results. It is important to note that pore pressure diffusion is a key parameter that dictates the time needed for fluid pressure equilibrium within the specimen. The diffusivity coefficient c can be computed by knowing the intrinsic permeability, viscosity of the fluid, shear modulus, Biot's coefficient and drained and undrained Poisson's ratio [40] . The intrinsic permeabilities for these three porous solids at P = 5.0 MPa are k = 6.2 × 10 −13 m 2 , k = 2.3 × 10 −13 m 2 and k = 4.0 × 10 −14 m 2 for synthetic silica polymorph, Dunnville sandstone and Berea sandstone, respectively. Using the measured poroelastic properties of the porous solids and viscosity of the pore fluid (water), the diffusivity coefficients are c = 1.2 m 2 s −1 , c = 1.5 m 2 s −1 and c = 0.2 m 2 s −1 for synthetic silica polymorph, Dunnville sandstone and Berea sandstone, respectively. Considering the length of the specimens (L = 0.1 m), the time required for the pore pressure to equilibrate is on the order of a few milliseconds. Therefore, for these porous materials, strain variations can be recorded simultaneously with the chosen rates for the application of pore pressure or mean stress.
To investigate whether K s is a constant or not, two different stress paths were considered. In the first stress path, the mean stress P started from 15.0 MPa, while the pore pressure p was initially set at 10.0 MPa (P = 5.0 MPa). The mean stress increased by P = 1.0 MPa, while the pore pressure was held constant at 10.0 MPa and the corresponding volume changes were recorded with the high-precision pump. The pore pressure was increased by p = P = 1.0 MPa from 10.0 to 11.0 MPa and the relevant volume changes were measured again. Overall, the mean stress increased from 15.0 to 35.0 MPa in increments of 1.0 MPa, whereas the pore pressure increased from 10.0 to 30.0 MPa, while maintaining P = 5.0 MPa. In the second stress path, the pore pressure increased from 10.0 to 30.0 MPa, while the mean stress increased from 30.0 to 50.0 MPa (P = 20.0 MPa).
For each of these stress paths, calibration tests were performed to obtain system responses that were used as corrections to the actual test on the porous solids. Also, axial and circumferential strain gauge-based extensometers were used to measure the deformation of the cylindrical specimens. The change in bulk volume strain ε was then used to obtain the unjacketed bulk modulus K s . It should be mentioned that the extensometers represent the deformation measured over a 50 mm gage length. However, results obtained from the deformation measured with 5 mm long resistive strain gauges on the unjacketed prismatic specimens revealed close values of K s to those from extensometer measurements [45] . during steps 1 and 2 (triangles) is linear only because the Terzaghi effective pressure was kept constant at P = 5.0 MPa. This does not suggest that the pore moduli K p and K pp are pressure independent, i.e. a constant. In fact, if an experiment is conducted where P is changed, the pore response will be nonlinear. In addition, the system response during step 2 (squares in figure 3b ) is obtained from calibration experiments at pore pressures of 10.0 < p < 30.0 MPa where full saturation is guaranteed. The difference between K s and K s in Berea sandstone can be explained by the existence of non-connected pore space and compliant clay minerals, and has been also observed in previous experimental studies [20] . Our results for Berea sandstone show that the pore volume is more compressible than the frame volume, i.e. K s < K s . If as a result of an unjacketed test the porosity increases, i.e. φ > 0, then K s < K s but if porosity decreases, i.e. φ < 0, then K s > K s . Laurent et al. [46] reported K s = 100-125 GPa for Vilhonneur limestone that is significantly higher than K s = 74.0 GPa of calcite (the major mineral constituent). This large (calculated) K s value may be due to measurement errors, particularly the one associated with pore modulus K pp . For the silica polymorph representing an ideal porous solid, the direct measurement of K s at P = 5.0 MPa shows that K s = K s = 24.0 GPa . Higher effective pressure was not pursued for the silica as it required the application of high mean stress that could provoke pore collapse of the material. The unjacketed experiment on the silica polymorph suggests that the solid, pore space and frame all deform in the same proportion, and hence, the porosity remains the same. In such a case, Consistent with the theoretical argument, it can be seen that the pore moduli K p and K pp are strongly dependent on Terzaghi effective pressure P (figure 4). Note that these experimental points are the data obtained from step 1 (figure 4b) and step 2 (figure 4a), as discussed in §4(b). The difference between the data from these two steps at P = 5.0 MPa constitutes the data reported for Berea and Dunnville sandstones in figure 3b . At P = 20.0 MPa, the experimental data from figure 4a,b, also supplied as the electronic supplementary material, can be used to obtain K s at this effective pressure, and K s at the effective pressures of P = 5.0 and 20.0 MPa were identical [45] . The dependence of K p on P has been reported by Zimmerman et al. [16] and explained as a result of microcrack closure causing a decrease in drained pore compressibility (increase of K p ). Greenwald & Somerton [15] reported that, due to microcrack closure, as P increases the pore compressibility decreases (K pp increases). The variation of K s and K s with effective pressure is not supported by our experiments. Moreover, bulk and pore strains were reversible for multiple closed loading cycles in the unjacketed test, suggesting that no energy was dissipated.
Experimental results
The drained bulk response of the three porous solids under increasing external mean stress P and constant internal pore pressure p is shown in figure 5 . The presence of microcracks in rock has a considerable effect on its response and therefore must be described by effective properties. Closure of microcracks under increasing effective pressure changes the rock from a microcracked solid to a continuous solid. In the absence of such microcracks in the silica polymorph (figure 5b), the loading and unloading response is similar, whereas in the drained testing of the sandstones, energy dissipation is clearly present, as displayed by hysteresis loops on loading and unloading (figure 5a).
Discussion
Previous studies suggesting that K s depends on the Terzaghi effective pressure were based on an indirect determination of K s . Specifically, K s can be estimated from
on the basis of direct measurements of pore modulus K p and Skempton coefficient B, which is defined as the ratio of the induced pore pressure to the variation in the applied mean stress under the undrained condition. Skempton coefficient B is difficult to determine accurately from pore pressure measurements during an undrained response, especially in low porosity rocks. For instance, it is well known that measurements of B are less reliable if tubing separates the pore pressure transducer from the rock [47] . Despite the fact that the measured B values have been corrected to account for the extra volume [48, 49] , accuracies of the pressure transducer readings and other parameters play a major role in the accuracy of B. Examining (6.1) indicates that a slight variation in the measured B value can dramatically change the estimate of K s . This sensitivity aggravates if the measured B value is close to a critical value B c = 1/(1 + K p /K f ) that sets the denominator in the right-hand side of equation (6.1) to zero and thus the unjacketed pore modulus K s to infinity. However, when B approaches one, K s gets closer to K f . Based on equation ( Table 1 . Poroelastic parameters used in the indirect estimation of K s of Dunnville sandstone. It is interesting to note that when K s /K f is larger than three, the large sensitivity of K s on B can be used to reliably estimate B from 
Conclusion
This article presents direct measurements of the unjacketed pore and bulk moduli. It is shown that the unjacketed moduli K s and K s are both constants and therefore independent of effective pressure, whereas other pore moduli such as the pore modulus K pp and the drained pore modulus K p are strongly effective pressure-dependent. The experimental results demonstrate that the identity K s = K s = K s holds for an ideal porous solid such as the synthetic silica polymorph. The existence of non-connected pores in Berea sandstone causes a slight difference in K s and
The indirect method significantly underestimates K s compared to the direct method, mainly due to the errors associated with the measurement of the Skempton coefficient and hence is a less reliable method to draw any conclusion on the unjacketed pore modulus. Convincingly, the direct measurement of K s facilitates the dependable estimate of the Skempton coefficient.
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Appendix A. Details of system calibration
This section provides the details of the calibration procedures used to obtain the system responses during steps 1 and 2 in figure 2 . To calculate the internal volume change of the hollow cylinder, the elastic solution was used for a thick-walled cylinder with closed ends [50] subjected to an internal pressure p and an external pressure P. To confirm the approach, the hollow aluminium (E = 72.0 GPa and ν = 0.34) cylinder with internal diameter d = 35.0 mm was instrumented with strain gauges on its outer boundary. This hollow cylinder was jacketed, placed in a pressure vessel and subjected to external pressure up to 30 MPa, while the internal pressure was zero. The response of the axial and circumferential strain measured from the strain gauges matched well with the prediction from the elastic solution ( figure 7 ). This provided confidence in using the elastic solution to obtain the volume change of the internal hole in the cylinder, as instrumenting the internal hole is difficult. The first calibration experiment involved the use of three different hollow cylinders subjected to external pressure that varied, while the internal pressure was kept constant (step 1). These sets of experiments provide the system volume change V (1) sys that includes volume change of the tubing inside the pressure vessel. The total volume change was measured from the syringe pump and then the hollow cylinder volume change calculated from the elasticity solution was subtracted from it. Figure 8 demonstrates the individual contributions of the cylinder, system and total volume changes for the 20.0% porosity hollow cylinder. For instance, at pore pressure of 10.0 MPa, the circles show the total volume measured by the syringe pump, the triangles represent the volume change of the internal section calculated from the elasticity solution and the difference between them is the system response shown with diamonds. It can be noted that the system responses (diamonds) are very small but important in the measurement of pore volume. These for different hollow cylinders. In addition, it can be observed that the system response (diamond points) is linear with respect to mean stress P. The second calibration experiment involved the use of three different hollow cylinders subjected to internal pressure p that varied, while the external pressure P was kept constant (step 2). To obtain the system volume change that includes the piston of the syringe pump, valves and tubes inside and outside the vessel, as well as the pressure transducer, the total volume change was measured using the syringe pump. Then, the fluid volume change inside the hollow cylinder calculated with K f = 2.30 GPa (equation 4.2), as well as the hollow cylinder volume change calculated from the elasticity solution, was subtracted from it. Figure 9a shows the system response obtained using different hollow cylinders at constant external pressure P = 30.0 MPa. The system response during step 2, like step 1, was expected to be linear with respect to pressure. However, as noted in figure 9a , that is not the case at low pore pressures (p < 5.0 MPa). This nonlinearity is due to the fluid itself [51] or entrapped air, which can cause the compressibility to be pressure-dependent at low pressures [52] [53] [54] [55] . In fact, it has been shown that as little as 0.1% of entrapped air in water can increase its compressibility by an order of magnitude [56] .
To highlight this further, the individual contributions of total (circles), pore fluid (diamonds), aluminium cylinder (triangles) and the system volume changes (squares) are plotted in figure 9b. Note that the fluid response is assumed to be linear at low pore pressures, which then forces the nonlinearity to be associated with the system response. If we now take the linear portion of the system response at high pore pressures and consider it to hold for low pore pressures, we can back calculate the response of the fluid (figure 9c). It is expected that the amount of air in solution to be proportional to the initial fluid volumes. In fact, as shown in figure 9c , the offset point for pore pressure build-up (e.g. p = 0.1 MPa) for the three different hollow cylinders is almost proportional to the initial fluid volumes. This confirms that the existence of air is the major reason for the nonlinearity of the fluid response at low pore pressures. The use of a vacuum is one approach to remove air in the pore fluid. An alternative approach is the application of so-called back pressure [48, 57] . In this method, the Skempton coefficient is obtained at several pore pressures while maintaining the effective pressure constant. A measured Skempton coefficient that is constant and independent of the magnitude of pore pressure indicates full saturation. This method of checking the Skempton coefficient as a parameter to determine saturation is well documented for rock [33] and soil [58] . As the back pressure increases beyond a critical pressure (on the order of 0.1 MPa), the air bubbles collapse with some time required for air to dissolve in solution. To reduce this time that can be weeks, further (gradual) increase of the pore pressure significantly larger than the critical pressure for air bubble collapse was suggested [59] . Once the air is dissolved into the fluid, the air-fluid mixture compresses as the pure fluid would [60, 61] with a constant bulk modulus of K f . In our experiments, full saturation was obtained at p > 5.0 MPa, confirmed by a constant Skempton coefficient. The experiments on the porous solids were conducted at pore pressures starting from p = 10 MPa. At these high pore pressures, the apparent system response during step 2 was independent of pore volume and can be reliably used. The calibration experiments were also performed at constant external pressure P = 20.0 MPa and similar response to the case of P = 30.0 MPa was obtained. In this regard, V (2) sys is independent of external hydrostatic pressure for different hollow cylinders.
